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Active  and  passive  immunization  against 
Plasmodium  yoelii  sporozoites 

Y.  Charoenvit,1  M.  Sedegah,1  L.F.  Yuan,1  M.  Gross,2  C.  Cole,1  R.  Bechara,1 
M.F.  Leef,1  F.A.  Robey,3  G.H.  Lowell,4  R.L.  Beaudoin,1  &  S.L.  Hoffman1 


Three  subunit  vaccines  based  on  the  ma/or  repeat.  (QGPGAP)n,  and  flanking  regions  of  the  Plasmodium 
yoelii  circumsporozoite  protein  were  designed,  produced,  and  tested  All  were  immunogenic,  but  none  gave 
consistent  protection  against  a  40-200  sporozoite  challenge.  To  demonstrate  that  antibodies  to  P  yoein  CS 
protein  could  provide  protection  we  established  a  passive  transfer  model  Passive  transfer  of  NYSt.  an  igG3 
MAb  against  the  P  yoelii  CS  protein,  protected  100%  of  mice  against  challenge  with  5000  P  yoelii 
sporozoites.  Binding  otNYSI  to  sporozoites  was  inhibited  by  incubation  with  (QGPGAP)2,  indicating  that  the 
■'■■■>  epitope  on  sporozoites  recognized  by  this  MAb  was  included  within  this  peptide  The  levels  of  antibodies  to 
,  (QGPGAPt 2  by  ELISA,  and  to  sporozoites  by  IFAT  and  CS  precipitation  reaction  were  similar  in  sera  from 
mice  that  received  NYS1  in  passive  transfer  and  were  protected  against  challenge  with  5000  sporozoites, 
jf’  and  from  mice  that  had  been  immunized  with  subunit  vaccines  containing  OGPGAP  but  were  not  protected 
.v  -  .,<*  against  challenge  with  40-200  sporozoites  To  determine  if  antibody  avidity,  not  the  absolute  concentration 
could  explain  the  striking  differences  in  protection,  we  established  a  thiocyanate  elution  assay  The  results 
suggest  that  hypi  the  protective  MAb.  hss  a  lower  avidity  lor  i OGPGAP, 2  ar.d  for  sporozoites  than  do  ,7,e 
vaccine-induced  antibodies.  The  data  clearly  demonstrate  that  antibodies  to  the  CS  protein  can  protect 
against  intense  sporozoite  infection  Improved  understanding  of  the  differences  between  protective  MAbs 
and  non-protective  polyclonal  antibodies  will  be  important  in  the  further  development  of  malaria  vaccines 


Introduction 

During  the  past  decade,  the  primarv  strategy  ior 
malaria  sporozoite  vaccine  development  has  been  to 
produce  subunit  vaccines  that  induce  antibodies  ;o 
the  repeat  region  of  the  circumsporozoite  iCSi  pro¬ 
tein.  antibodies  that  prevent  effective  sporozoite  in¬ 
vasion  of  hepatocytes  i/-J>  Thus  far.  protective 
immunity  after  immunization  of  humans  15.  M  and 
non-human  primates  i  "i  has  been  disappointing.  Mice 
immunized  with  subunit  Plasmodium  herqhe i  vaccines 
have  been  protected  against  moderate.  but  not  against 
large  sporozoite  challenge  doses  in-//).  In  contrast, 
mice  immunized  with  irradiation-attenuated  sporo¬ 
zoites  have  been  protected  against  large  doses  ol  sporo¬ 
zoites  I.V.  10 1.  In  the  P  mein  model  system,  mice 
immunized  with  irradiation-attenuated  sporozoites 
have  also  been  shown  to  be  protected  against  laree 
dose  of  sporozoite  challenge  i  / and  the  pro¬ 
tection  was  dependent  on  CDS'  T  cells  ill  1 
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Irradiated  sporozoite  immunized  mice  challenged 
with  as  few  as  200  sporozoites  were  not  protected  after 
CDS  ’  T-cell  depletion  1 13 1.  indicating  that  antibodies 
induced  by  such  immunization  could  not  protect  on 
their  own.  To  determine  whether  antibodies  to  CS 
protein  could  protect  against  P  mein  sporozoite 
challenge  we  studied  active  and  passive  immunization 
against  P  mein  sporozoites. 

Materials  and  methods 

Animats 

Female,  h  to  10  week.  BA  LB  c  BvJ  mice  iJuckson 
Laboratory.  Bar  Harbor.  ME),  were  used  m  aii 
experiments. 

Sporozoites 

XII  experiments  were  conducted  with  sporozoites  ot 
ihe  l-X  NL  inoniethaii  strain  of  P  mein,  which  were 
raised  in  Anopheles  stepnensi.  Salivary  gland  dissected 
sporozoites  suspended  in  Medium  199  containing  ?■'  , 
normal  mouse  serum  were  used  for  intravenous  infec¬ 
tion.  Sporozoites  isolated  by  discontinuous  gradient 
1 1 4\  in  Medium  199  without  serum  were  used  in  an 
•nzyme-linked  immunosorbent  assav  t  ELIS  A  l.  as 
whole  sporozoites  or  as  an  antigen  extract  in  T’- 
sodium  dodeeyl  sullate  1 15).  and  in  an  immuno- 
tluorescent  antibody  test  lIFAT)  1/51. 
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Active  immunization 

Mice  were  immunized  with  four  copies  of  a  synthetic 
peptide  derived  from  the  predominant  repeat  of  the 
P  voelii  CS  protein  iGln-Gly-Pro-GIv-Ala- 

Proi  |QGPGAP)4  conjugated  to  KLH  or  proteo- 
somes  i  /  9  j  i Sedegah  et  al..  manuscript  in  preparation! 
or  with  PY  CS.I  (Yuan  et  al..  manuscript  in  pre¬ 
paration!.  PY  CS.I  is  a  fusion  protein  produced  in 
£.  cnh  (7T i  including  25b  amino  acids  from  the  CS 
protein  fused  to  SI  amino  acids  derived  from  a  non- 
structural  protein  of  influenza  A  iFig.  IB).  PY  CS  1 
includes  19  comes  of  the  matnr  repeat  'OGPGAP). 

copies  ot  the  minor  repeat  tGln-GIn-Pro-Proi 
iQQPPl.  and  45  amino  acids  EEKK.DDPP 
K.DGNKDDLPK.  EEKKDDLPK  EEK.KDDPPK 
DPKKDDPPK..  apparently  comprising  5  copies  of  a 
degenerative  sequence  of  9  amino  acids  Irepeat  3l 
Groups  of  mice  were  immunized  i  m.  or  t.p.  at  2  3- 
week  intervals.  Ereunds  complete  adjuvant  iEC.Ai 
was  used  in  initial  immunizations,  and  Ereund  s  in¬ 
complete  adjuvant  tFICAi  was  used  in  subsequent 
immunizations.  The  control  animals  received  adjuv¬ 
ant  alone  or  received  antigen  without  adjuvants.  Two 
weeks  after  the  fourth  immunization,  blood  samples 
were  collected  from  the  mice  via  retro-orb'tal  sinuses 
ind  sera  were  separated  for  determination  of  anti- 
bodv  levels.  Mice  were  then  challenged  with  40-200 
salivary  gland  dissected  P  yoeht  sporozoites.  Para- 
'itaemias  were  determined  at  5.  ".9.  11  and  14  days 
alter  sporozoite  challenge,  from  Giemsa-stained 
mood  tilms  prepared  from  the  blood  collected  from 
tail  veins  of  these  mice 


Monoclonal  antibodies 

NYSl.  an  IgG3  MAb  used  in  this  study,  was  produced 
and  characterized  as  described  previously  (75).  and 
puritied  from  ascitic  fluid  using  a  staphylococcal  pro¬ 
tein  A  column  (20).  NFS I.  a  MAb  directed  against 
P  lulctpurum.  served  as  unrelated  antibody  control. 

Passive  immunization 

Groups  of  mice  were  injected  in  the  tail  vein  with 
MAb  NYSl.  Control  mice  received  either  PBS  or 
NFSt.  a  MAb  directed  against  the  P.  falciparum  CS 
protein.  Thirty  minutes  after  tmection  of  the  MAb. 
blood  samples  were  collected  for  determination  of 
antibody  levels,  and  mice  were  immediately  chal¬ 
lenged  intravenously  with  sporozoites.  Blood  smears 
were  prepared  as  described  above. 


eusA 

Antigens  used  in  an  ELISA  were  sporozoites  and 
three  P  voelii  CS  protein  derived  antigens  (Fig.  LA). 
The  hrst  was  a  synthetic  peptide  composed  of  two 
copies  of  Gln-Glv-Pro-Gly-Ala-Pro  iQGPGAP),.  the 
major  repeat  of  the  P  voelii  CS  protein.  The  second 
included  three  copies  of  Gln-GIn-Pro- Pro  (QQPP),. 
the  minor  repeat  of  the  P  voelii  CS  protein  The  third 
was  PY  CS.I.  One  hundred  microhtres  of  10  qg  ml 
iQGPGAP)..  (QQPP)i.  or  PY  CS.I  or  lOOqi  ot 
whole  sporozoite  suspension  in  PBS  |2  x  104  sporo¬ 
zoites  ml)  or  sporozoite  antigen  extracted  in  1%  SDS 
(2  x  I04  sporozoites  mil  were  incubated  for  24 h  at 
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37  °C  in  Immunolon  II  flat-bottom  microtitration 
plates  (Dynatech  Laboratories,  Inc.,  Chantilly,  VA). 
The  plates  were  then  blocked  for  2  h  with  I  %  BSA  in 
PBS  pH  7.2  (blocking  buffer).  The  antigen  wells  were 
washed  3  times  with  PBS  containing  0.05%  Tween  20 
(washing  buffer).  One  hundred  microlitres  of  serial 
dilations  or  MAb  NYSI  (4.0-0.3  /igyml)  or  of  the  sera 
were  added  to  each  antigen  well,  and  the  plates  were 
further  incubated  for  2h.  The  wells  were  washed 
3  times  with  washing  buffer  prior  to  incubating  for 
2h  with  horse-radish  peroxidase  (HRP)  labelled 
goat  anti-mouse  IgG  or  anti-mouse  /i  chain  (TAGO. 
Inc.,  Burlingame.  CAl.  The  plates  were  washed  again 
after  incubation,  and  ABTS  <2.2'-azino-di[3-ethvl- 
benzthiazoline  sulfonate])  substrate  (Kirkegaard  and 
Perry  Laboratories.  Inc.,  Gaithersburg.  MD)  was 
added.  Colour  reaction  was  measured  in  a  Dynatech 
Micro-ELISA  auto  reader,  at  OD  405  nm.  The  results 
were  recorded  as  mean  OD  readings  of  triplicate 
assays  +  SE. 


Inhibition  ELISA 

In  addition  to  a  standard  ELISA,  an  inhibition 
ELISA  was  used  to  characterize  the  NYSI  epitope. 
NYSI  (2Mg.mll  was  incubated  for  2h  at  3’  C 
with  increasing  concentrations  f0-l60ugmli  of 
iQGPGAP);,  iQQPP'j.  or  with  a  controF  peptide 
derived  from  the  immunodominant  repeal  domain  of 
the  P  vivax  CS  protein  iGlv-Asp-Are-Ala-Asp-Glv- 
Gln-Pro-Ala  (GDRADGQPAll  1 21).  The  NYSI- 
peptide  mixtures  were  then  added  to  plates  previously 
coated  for  24  h  ut  3"  C  with  2  x  10J  P  yoelii  sporo¬ 
zoites  well.  The  plates  were  further  incubated  for  2  h 
at  37  C.  washed,  and  then  incubated  with  HRP- 
labeiled  goat  anti-mouse  IgG  and  ABTS  substrate 


IgG  subclass  antibodies  IQGPGAP)  2 

The  subclass  of  IgG  antibodies  to  iQGPGAP).  was 
determined  by  ELISA  using  the  method  previously 
described  (22).  Briefly,  affinity-purified  mouse  mye¬ 
loma  IgG  1 .  lgG2a.  lgG2b.  and  G3  (Sigma  Laborator¬ 
ies.  St.  Louis.  MOl  were  tested  in  the  ELISA  assay 
against  HRP  rat  anti-mouse  IgGl.  IgG2a.  igG2b  and 
lgG3  iPharmingen  Laboratories.  San  Diego.  CAi  and 
the  standard  curves  of  the  IgG  subclasses  were  plot¬ 
ted.  Serial  dilutions  of  sera  from  subunit  vaccine 
immunized  mice  were  incubated  with  (QGPGAP). 
coated  on  the  plates,  followed  by  HRP  rat  anti-mouse 
IgGl.  IgG2a.  lgG2b  and  lgG3  and  ABTS  substrate 
The  OD  reading  at  405  nm  was  measured,  and  the 
percentage  (QGPGAPl, -specific  subclass  antibodies 
calculated  Irom  the  standard  curves. 


Indlroet  fluorescent  antibody  lest  (IFA  T)  and 
circumsporozoite  (CS)  precipitation  test 

IFAT  and  CS  precipitation  tests  were  performed 
as  previously  described  1/5,  23)  using  P.  yoelii 
sporozoites. 

Estimation  of  antibody  avidity 

The  avidity  of  antibodies  to  CS  protein  and  sporo¬ 
zoites  was  estimated  using  the  method  described  by 
Pullen  et  al.  (24)  with  a  slight  modification.  Briefly,  all 
sera  to  be  tested  were  first  titrated  against  the  antigens 
using  the  standard  ELISA.  The  antigens  used  were 
IQGPGAP),  and  PY  CS.)  at  a  concentration  of 
lOqg/ml.  and  whole  sporozoites  or  sporozoite  anti¬ 
gen  extract  at  2  x  10*  sporozoites  ml  Sera  at  the 
dilutions  at  which  the  absorbance  1405  nml  in  the 
standard  ELISA  was  0.8  were  incubated  for  2  h  ai 
37  C  in  antigen  coated  plates.  The  plates  were 
washed,  and  varying  concentrations  10  I  -4.0  moll  ot 
Na  thiocyanate  were  added  to  them.  The  plates  were 
then  incubated  for  15  min  at  room  temperature  to 
allow  disruption  of  antigen-antibody  binding.  The 
plates  were  washed.  HRP-conyugated  goat  anti- 
mouse  IgG  was  added  to  them  and  they  were  further 
incubated  for  2  h  at  3 7  C.  The  plates  were  washed 
and  HRP  substrate  added  Colour  reaction  was  meas¬ 
ured  at  OD  405  nm.  The  results  were  depicted  by 
plotting  the  log  %  initial  OD  (absorbance  when  no 
thiocyanate  [SCN]  was  added)  against  the  moiantv 
of  SCN  used.  The  avidity  index  was  calculated  as  the 
molarity  of  SCN  which  resulted  in  a  50%  reduction 
in  absorbance  from  the  reading  when  no  SCN  was 
added  li  e.,  log  of  50%  reduction  =  l.tWOi 

Results 

Active  immunization 

Mice  immunized  four  times  with  a  synthetic  peptide 
'QGPGAPla  coupled  to  either  K.LH  or  proteosome 
were  not  protected  against  challenge  with  200  sporo¬ 
zoites.  Mice  immunized  4-5  times  with  PY  CS.I  were 
protected  against  a  200  sporozoite  challenge  in  an 
initial  experiment.  However,  the  results  were  never 
duplicated,  and  in  subsequent  experiments  these  mice 
were  not  protected  against  challenge  with  40  sporo¬ 
zoites  lYuan  et  ai..  manuscript  in  preparation). 

Passive  immunization 

Previous  work  in  our  laboratory  i unpublished  results) 
indicated  that  the  number  of  P  yoelii  sporozoites 
required  to  infect  50%  of  mice  ranged  from  1.6  to  -41 1 
sporozoites  and  that  100%  of  mice  were  always  in¬ 
fected  by  the  inoculation  of  200  sporozoites  in  the 
first  experiment,  varying  amounts  of  NYSI  1 1 5. 1  it g  to 
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' able  1  Passive  transfer  of  NYS1  to  BALB/c  ByJ  mice  and  challenge  with  200  P.  yoelii  sporozoites 
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ititre' 

No  tested 
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2 
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3 
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4 
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83 

5 
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2  6 

6’ 

6 
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6/6 

Q 

Mice  'ecetvea  PBS  instead  of  MVS’  ana  were  cnanengea  witn  200  sootozoites 


1 H « » it g i  were  cncn  to  mice  prior  to  challenge  with 
-UU  sporozoites.  All  mice  that  received  500  ue  NVS!. 
ind  6'",)  of  those  that  received  125  tie  were  protected 
Table  !i  In  a  subsequent  experiment,  mice  that 
•eceived  500  ue  NYSI  were  challenged  with  200 
25  000  sporozoites.  All  mice  challenged  with  5000 
porozoites.  X3nn  of  those  challenged  with  10000 
porozoues.  and  67°  „  of  those  challenged  with  25  000 
porozoites  were  protected  i Table  2i. 

Epitope  mapping 

Having  established  that  NYSI  was  highly  protective. 
*e  mapped  its  antigenic  site  on  sporozoites.  In  a 
tandard  ELISA,  NYSI  recognized  IQGPGAPi..  hut 
hd  not  recognize  iQQPPi,  idata  not  showni  In  an 
nhtbition  ELISA,  the  binding  of  NYSI  to  whole 
porozoites  was  completely  inhibited  by  prior  in- 
ubation  with  IQGPGAPi.  lEig  2l.  indicating  that 
OGPGAI’...  included  the  epitope  on  sporozoites 
'-‘cognized  by  NY'S  I 

Antibody  level*  and  CS  precipitation  reaction 

since  passive  transfer  of  NYSI  conferred  such  impres- 
ive  protective  immunitv  against  challenge  with  5000 
porozoites.  while  immunization  with  the  subunit  vac- 
ones  induced  excellent  antibody  responses  but  no 


protection  against  200  sporozoites,  we  studied  the 
sera  taken  from  the  mice  that  received  500  yg  NYSI 
in  passive  transfer  and  mice  tnat  were  immunized  with 
the  subunit  vaccines.  Since  we  had  established  that 
mice  immunized  with  irradiated  sporozoites  were  no 
longer  protected  against  challenge  with  200  P.  yoelii 
sporozoites  after  m  n in  depiction  of  CDX'  T  cells 
i/2.  Ml.  indicating  that  circulating  antibodies  were 
not  responsible  for  the  excellent  protective  immunity 
induced  by  immunization  with  irradiated  sporozoites, 
sera  from  mice  immunized  with  irradiated  sporozoites 
were  also  included  in  these  studies.  All  sera  used  were 
collected  iust  prior  to  challenge  The  results  outlined 
m  Table  5  indicated  that  there  were  no  striking 
differences  in  the  levels  of  antibodies  to  IQGPGAPK. 
the  66“  n  of  the  CS  protein  represented  by  PY  CS.l. 
and  sporozoites  in  the  sera  of  the  protected  and  non¬ 
protected  animals.  IgM  antibody  to  CS  protein  was 
not  detectable  in  the  sera  of  subunit  vaccine  immun¬ 
ized  mice  idata  not  showni 

Avidity  assay* 

The  above  findings  suggested  the  possibility  that  the 
protective  MAb.  NYSI.  bound  to  sporozoites  with 
higher  affinity  or  avidity  than  did  the  non-proteettve 
polyclonal  antibodies.  Studies  conducted  using  the 
thiocvanate  elution  assay  suggest  that  this  may  not 
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Fig.  2.  Inhibition  o»  binding  ol  NYS1  to  aporozoltaa.  P  yoelit  synthetic  peptides  (QGPGAP)?  (  (QQPP)3  (  ).  and  a 

peptide  reflecting  the  repeat  region  of  the  P  vivax CS  protein  (GDRADGQPA)2  (•)  were  incubated  with  2  u9fml  NYS1  prior 
to  incubating  with  sporozoites.  Binding  of  NYSl  to  sporozoites  was  then  determined  by  ELISA 
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fable  3:  Antibodies  to  CS  protein  and  sporozoites  in  mice  that  received  NYS1  and  In  mice  immunized  with  subunit 
vaccines 


Antibody  leveis- 


Sporozoites 

pv  rs  i 

QGPGAPi. 

Sporozoites 

Groups 

iFAT' 

ELSA' 

ELiSAi 

CSP'" 

NYSl  oassive  transfer 

4096 

3000 

'6000 

9-25 

qgpgap^-klh 

3192 

4000 

3000 

2  25 

QGPGAPlj-proteosomes 

8192 

:ooo 

5000 

0.25 

Pv  CS  1 

4096 

*20  000 

5000 

7  25 

rrac-ated  sporozoites 

2048 

2000 

4000 

2  25 

Normal  mouse  serum 

8 

v  2C0 

■  200 

0-25 

*  Serum  antibody  'evei  15  recorced  as  tne  end-oomt  titre  tor  botn  iF  AT  ana  EL-SA  in  the  iFAT  sporozoites  were  used  as  antiqens.  m  me 
ELiSA  PV  CS  1  and  iQGPGAP^  were  used  as  antiqens 

'  CS  orecipitation  results  are  recorded  as  no  oosmve/no  of  sporozoites  counted  at  a  1  2  dilution  of  serum 


he  the  case  iFig.  3.  A  D).  The  avidity  index  of  NYSl 
for  iQGPGAPl, .  PY  CS.I.  sporozoite  extract,  and  for 
w  hole  sporozoites  is  5  10  times  lower  than  that  of  the 
vaccine-induced  IgG  antibodies. 

IgG  subclass  antibodies  to  (QGPGAP); 

Since  the  protected  mice  had  received  an  lgG3  mono¬ 
clonal  antibody  in  passive  transfer,  we  addressed  the 


posstbiiitv  that  a  subclass  ot  antibody  max  influence 
the  protection.  We  measured  the  levels  of  IgG 
subclass  antibodies  against  1QGPGAP1.  All  vac 
ernes  induced  primariiv  IgG  I  antibodies  againsi 
iQGPGAPl,  For  the  lOGPG.APl^-proteosomes  vac¬ 
cine  G2n o  were  IgG  1.  5"o  lgG2a.  3no  IgG2b.  and  U" .. 
lgG3.  For  the  lQGPGAPla-KLH  vaccine  the  respect¬ 
ive  percentages  were  x4.  10.  n  and  0.  and  for  PY  CS.I 
they  were  bt).  4.  2  and  34. 


]« 
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Pig.  3.  Estimation  ot  antibody  avidity.  Sera  from  mice  immunized  with  (QGPGAP)4-KLH  ( _  ).  (QGPGAPi4-proteosomes 
■  PY  CS.1  (_)  end  :r-3d'ated  «porozoites  (■).  and  from  mice  that  received  NYS1  in  passive  transfer  ( ~  )  were  tested 
in  the  thiocyanate  elution  assay  to  estimate  antibody  avidity  to.  (A)  iQGPGAF  /2.  (B)  PY  CS  1.  (C>  sporozoite  extract,  and 
iOl  whole  sporozoites.  The  avidity  index  was  arbitrarily  considered  to  be  the  concentration  of  SON  required  to  reduce  the 
initial  absorbance  by  50°„  Hog  initial  absoroance  =  1.6991.  and  is  designated  by  the  point  were  the  dotted  line  crosses 
tne  elution  curve 
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Discussion 

Immunization  of  mice  with  three  subunit  vaccines 
inuuced  excellent  antibody  responses,  but  no  con¬ 
sistent  protection  against  sporozoite  challenge.  In 
contrast,  these  studies  clearly  demonstrate  that  a 
monoclonal  antibody  directed  against  the  repeat  re¬ 
gion  of  the  C  S  protein  can  protect  animals  against  a 
sen.  large  P  voetu  sporozoite  challenge  In  the  P 
\<>elu  system  the  ID  SOltnfectious  dose  50%  1  is  almost 
always  less  than  10  sporozoites,  and  often  I  -2  sporoz¬ 
oites.  yet  NYSI  can  protect  ltX)%  of  mice  against 
challenge  with  5000  sporozoites  1 500  5000  times  the 


ID  50i  It  is.  however,  still  unclear  why  apparently 
comparable  levels  of  vaccine-induced  antibodies  to 
the  CS  protein  provide  little,  if  any.  protection  against 
sporozoite  challenge. 

N'YSI  was  made  by  immunizing  mice  with  irra¬ 
diated  sporozoites,  the  native  protein.  An  initial  hypo¬ 
thesis  was  that  although  the  binding  of  NYSI  to 
sporozoites  could  be  inhibited  bv  iQGPGAPl,. 
NYSI  was  bound  to  sporozoites  with  highest  effi¬ 
ciency  at  an  assembled  site  that  reflected  the  tertiary 
structure  of  the  native  protein,  and  not  the  primary 
structure  reflected  by  the  deduced  ammo  acid  se¬ 
quence  Peptides  are  often  disordered  structures  in 
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water  thus,  if  the  synthetic  peptide  IQGPGAPf,  or 
the  £.  coii-produced  PY  CS.l  did  not  assume  the 
structure  of  the  native  CS  protein,  immunization  with 
these  subunit  vaccines  would  not  elicit  the  appropri¬ 
ate  protective  antibodies,  antibodies  with  the  high 
degree  of  complementarity  for  the  native  protein  re¬ 
quired  to  produce  the  highly  efficient  interaction  that 
protects  against  challenge  with  live  sporozoites.  One 
cannot  draw  definitive  conclusions  from  comparisons 
of  monoclonal  and  polyclonal  antibodies  in  affinity  or 
avidity  assays,  but  the  results  of  the  thiocyanate  elu¬ 
tion  studies  (Fig.  3)  suggest  that  this  initial  interpreta¬ 
tion  is  incorrect.  The  apparent  avidity  of  NYSI  for 
peptides  and  native  protein  is  5-10  times  lower  than 
that  of  the  vaccine-induced  polyclonal  antibodies.  It  is 
also  possible  that  the  vaccine-induced  polyclonal  anti¬ 
bodies  contain  subpopulations  of  non-protective  anti¬ 
bodies  that  compete  with  the  protective  antibodies  for 
binding  to  sporozoites,  the  ELISA  and  IFAT  are 
too  crude  to  distinguish  between  protective  and  non- 
protective  antibodies  to  sporozoites,  and  the  abso¬ 
lute  concentration  of  the  "correct"  antibody  is  much 
lower  in  the  sera  from  the  actively  immunized 
animals. 

The  results  of  the  inhibition  of  liver-stage  devel¬ 
opment  assay  (ILSDAl  (’J)  indicate  that  despite  the 
fact  that  the  vaccine-induced  antibodies  were  not  ade¬ 
quate  to  provide  sterile  immunity,  in  fact  some  of  the 
antibodies  had  significant  activity  In  this  biologic 
assay  that  assesses  the  capacity  of  sera  to  inhibit 
sporozoite  invasion  and  development  in  aim.  there  is 
an  enormous  difference  in  the  inhibitory  activity  of 
the  NYSI  passive  transfer  sera  as  compared  to  the 
sera  from  the  vaccine  immunized  animals  at  a  serum 
dilution  of  1:100.  correlating  with  the  protection 
against  sporozoite-induced  malaria  However,  ■.era 
from  mice  immunized  with  the  two  OGPGAP-based 
vaccines  had  significant  inhibitory  activity  at  I  It) 
and  1:20  dilutions  The  vaccine-induced  antibodies 
can  clearly  inhibit  sporozoite  invasion  and  develop¬ 
ment.  but  do  not  inhibit  as  well  as  the  MAb.  This  may 
be  due  to  their  being  primarily  IgGl  antibodies,  as 
opposed  to  NYSI.  the  lgG3  MAb.  If  this  is  the  case, 
then  we  may  have  to  engineer  vaccines  to  induce 
specific  subclasses  of  antibodies.  However,  it  has  been 
shown  that  passive  transfer  of  an  IgGl  MAb  can 
protect  against  P  berahei  infection  i.YI.  and  we  count 
that  a  subclass  alone  is  responsible  for  the  observea 
differences  in  protection  against  sporozoite  challenge. 
Another  possibility  is  that  the  protective  epitope  rec¬ 
ognized  by  NYSI  does  not  include  all  of  QGPGAP. 
but  a  smaller  subunit  included  within  this  sequence, 
and  that  the  vaccines  did  not  induce  antibodies  to  this 
subunit. 

These  data  reemphasize  that  antibodies  to  the  CS 
protein  can  oe  highly  protective  against  sporozoite 


induced  malaria.  The  challenge  is  to  produce  sub¬ 
unit  vaccines  that  induce  antibodies  comparable  to 
protective  monoclonal  antibodies  like  NYSI 
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